The response to exercise was investigated in trained and sedentary rats with moderate compensated heart failure produced by myocardial infarction (MI) and in rats that underwent sham operations. Trained rats ran on a treadmill (10% grade at 20 m/min) for 60 min/day, 5 days/week for 10 to 12 weeks, whereas sedentary rats had only limited activity. Maximal oxygen consumption normalized for body weight (ml kg min`) was determined for each rat and found to be (1) greater in trained rats when compared with sedentary rats and (2) greater in sham-operated rats when compared with their counterparts that suffered infarction. In addition, skeletal muscle succinate dehydrogenase activities were greater and the blood lactic acid response to submaximal exercise was lower in trained rats compared with sedentary rats. Left ventricular infarct size for sedentary and trained rats with infarction was 36 3% and 34 + 3% of the total endocardial circumference, respectively, and resulted in (1) elevated left ventricular end-diastolic pressures at rest and during exercise, (2) lower mean arterial pressures at rest, and (3) lower maximal heart rates when compared with those in their sham-operated counterparts. However, normalization of mean arterial pressures during submaximal and maximal exercise was found along with a trend toward normalization of maximal heart rate when trained rats with infarction were compared with their sedentary counterparts. Blood flows to the kidneys, organs of the gut, and skeletal muscle during both submaximal and maximal exercise were unaffected by either myocardial infarction or training; no differences between sedentary and trained rats with infarction and sedentary and trained sham-operated rats were found. These results demonstrate that an exercise training program of moderate intensity produces beneficial hemodynamic and metabolic effects in rats with moderate compensated heart failure. Circulation 74, No. 2, 431-441, 1986. THE BENEFICIAL EFFECTS of dynamic exercise training in patients with coronary artery disease are well documented. These effects include increases in maximal exercise performance, maximal oxygen uptake (V02max), maximal stroke volume, and maximal conductance to the working skeletal muscles.1A A number of studies have also investigated the effects of dynamic exercise training in patients with severe chronic heart failure induced by congestive cardiomyopathies.i`These studies have demonstrated that patients with severe chronic heart failure can also in-
crease their maximal exercise performance with dynamic exercise training; however, attempts to demonstrate increases in left ventricular pump function, increases in maximal conductance to the working skeletal muscle, and increases in V02max have been unsuccessful. 5 - The rat responds to dynamic exercise training by increasing both V02max and skeletal muscle oxidative enzyme activities.915 In addition, occlusion of the left coronary artery approximately 1 to 2 mm from its origin in the rat will produce moderate-to-severe congestive heart failure within 21 to 42 days after infarction.lti-9 Thus, the rat that has suffered myocardial infarction appears to be a good model for the evaluation of the effects of dynamic exercise training with respect to V02max and skeletal muscle oxidative enzyme potential in chronic heart failure. Therefore, the present study was performed to test the following hy-potheses: (1) Dynamic exercise training will result in an increase in V02max in rats with moderate-to-severe chronic heart failure. (2) The increase in V02max will coincide with increases in the oxidative capacity of the working skeletal muscles, as indicated by increases in succinate dehydrogenase (SDH) activities. To determine the extent of cardiac and circulatory dysfunction present at the end of the training protocol, the animals in our study were instrumented over a short term with catheters in the left ventricle and tail artery. This instrumentation allowed us to measure left ventricular end-diastolic pressure under the conditions of rest and submaximal and maximal exercise and to investigate changes in blood flow (with radionuclide tagged microspheres) to various visceral organs and skeletal muscles.
Methods
Animal selection, surgical preparation, and training protocols. Male Sprague-Dawley rats (-350 g) were initially anesthetized with 3% halothane, intubated via tracheotomy, placed on a rodent respirator (Harvard model 680), and maintained on a 2% halothane: oxygen mixture. The heart of each was exposed through a left thoracotomy between the fifth and sixth ribs (-1.5 cm in diameter) and the pericardium was opened. In animals in which a myocardial infarction was produced, a 9-0 Ethilon suture was passed under the left main coronary artery at a point 1 to 2 mm distal to the edge of the left atrium and the artery was ligated. In animals in which shami operations were performed, the suture around the coronary artery was not ligated. Muscle and skin incisions were closed with separate pursestring silk sutures (size 0) and the lungs were fully expanded. The animals were then taken off the anesthetic and their tracheotomies were closed. Each animal was allowed a minimum of 6 weeks of recovery.
The surviving rats were familiarized with running on a motordriven treadmill (Quinton model 42-15) and assigned to either a sedentary or a dynamic exercise training group. Trained rats ran 5 days/week for 10 to 12 weeks on a 10% grade at a speed of 20 m/min. On the first day of training all rats ran for 30 min. On subsequent days of training the running time was extended 10 min each day until all animals were running 60 min/day. This protocol was selected (1) to minimize the number of fatalities in the group of rats that had received the myocardial infarctions, and (2) to ensure increases in skeletal muscle oxidative enzyme activities with training. 12 The average body weight before initiation of the training regimen was 475 + 6 g (mean + SE, n = 41) and was equal across the different groups.
Measurements of oxygen consumption (X02). After 10 to 12 weeks of dynamic exercise training or limited activity, W2max of each rat was determined with a progressive exercise test in which the first stage of the test was used for familiarization and warm-up. 10 X02max was determined at least twice in each rat to ensure reproducibility, with each maximal test separated by a minimum of 24 hr of recovery.
MI2max was measured according to the method described by Gleeson and Baldwin,20 which had been adapted to the rapid flow, open-circuit method of measuring W)2 described by Brooks and White. 21 According to this method, each rat was put into a clear Plexiglas box (14.5 x 43 x 7 cm) that was designed to fit into a channel of the rodent treadmill. Room air was drawn through the box and through H20 and CO2 absorbents (imposed in the line before the flowmeter) at a rate of 5000 ml/min (STPD). A fraction of the effluent flow from the box was drawn through another flowmeter (Applied Electrochemistry model R-1) that was connected to a precalibrated oxygen analyzer (Applied Electrochemistry S3-A). The signal from the oxygen analyzer was monitored and continuously recorded at a high gain on a pen recorder (Beckman model 673503). Flow through the metabolic box and flowmeter (Fischer-Porter model 1OA1378) was calibrated before and after each experimental protocol by diverting total flow into a Collins 7 liter respirometer.
Instrumentation and final experimental protocol. The animals were instrumented after a minimum recovery time of 48 hr following the last maximal exercise test. Each rat was anesthetized with 1% to 2% halothane and polyethylene catheters (PE-50) were placed into the tail artery and left ventricle via the right carotid artery of each. Placement of the left ventricular catheter was determined by the change in the pressure waveform upon entering the ventricle. All pressures were measured with a pressure transducer (Statham P231D) connected to the catheter and displayed on a Simultrace recorder (E for M/Honeywell AR-6). Both the left ventricular and tail artery catheters were brought subcutaneously to the dorsal aspect of the cervical region of the rat, where they were exteriorized. After closure of both neck and tail incisions, the animals were given a minimum recovery time of 2 hr to ensure that each rat had returned to a cardiovascular steady state before final experimental procedures were begun.22
After recovery from instrumentation, each rat was placed into a channel of the rodent treadmill and the metabolic box was placed over it. The left ventricular and tail artery catheters were exteriorized from the box through a rubber diaphragm and connected to pressure transducers (Statham P23LD) placed at the same level as the rat. After demonstrating that the rat was at steady state with regard to mean arterial pressure, left ventricular end-diastolic pressure, heart rate, and ')2, the tail artery catheter was disconnected from the pressure transducer and an arterial blood sample (0.3 ml) was withdrawn anaerobically into a 1 ml syringe over a 30 sec period, capped, and stored on ice until it was analyzed for blood gases, acid-base status, hematocrit, and lactate concentrations.
After the sampling of arterial blood, the tail artery catheter was connected to a Harvard pump (model 907) and blood was withdrawn at a rate of 0.205 ml/min into a 5 ml glass syringe.
After 30 sec of withdrawal, a 0.5 ml volume of radioactive microspheres was injected into the left ventricle and followed by 0.5 ml of saline flush for the determination of regional blood flow, as described in detail below. Blood withdrawal from the tail artery was then continued for another 2 min. After blood withdrawal, each rat was removed from the box and rectal temperature was measured and recorded. Each rat was then returned to the metabolic box and left ventricular and tail artery catheters were reconnected to their respective pressure transducers. When mean arterial pressure, left ventricular end-diastolic pressure, heart rate, and V02 had returned to resting levels, exercise was initiated by having the rat walk on the treadmill at 16 m/min up a 5% grade. When the rat had reached a steady state with respect to ')O2, mean arterial pressure, left ventricular end-diastolic pressure, and heart rate were recorded. The sampling of arterial blood and the injection of radioactive microspheres were then performed as described above while the rat continued to exercise on the treadmill. After the injection of the microspheres, exercise was terminated and the rectal temperature was again measured and recorded.
After a minimum recovery time of 30 min, the maximal exercise bout was initiated. After a short warm-up period of approximately 30 sec, the speed and grade of the treadmill was progressively increased until further increases in work rate did not produce further increases in )'02-When 't02 reached a plateau, heart rate and left ventricular end-diastolic and arterial blood pressures were recorded. A sample of arterial blood was taken for the determination of blood gases, lactate, and acidbase status and radioactive microspheres were injected. Rectal temperature was measured and recorded immediately after exercise.
After the maximal exercise bout, each rat was anesthetized with pentobarbital via the left ventricular catheter and the left hindlimb was exposed. The soleus and plantaris muscles were quickly excised and frozen in liquid nitrogen and stored in airtight bags at -800 C. The rats were then killed by injection of a large bolus of pentobarbital into the left ventricle. The heart, kidneys, organs of the gut (stomach, small and large intestines, liver, and pancreas), and various skeletal muscles (gastrocnemius, soleus, plantaris, biceps, and triceps muscles) were removed and weighed on an electrobalance (Mettler model PL300).
Determination of blood flow to dilferent organs. Blood flows to different organs of the rat were measured at rest and during submaximal and maximal exercise by the radionuclidetagged microsphere technique.23 24 The microspheres ('41Ce, 85Sr, 95Nb, 46Sc) were 15 ± 5 ,um in diameter, had a specific activity of -12 mCi/g, and were suspended in normal saline containing 0.01% Tween 80.
Before each injection, the microspheres were thoroughly mixed and agitated by sonication (Heat Systems Ultrasonics model W200R) to prevent clumping. Each group of microspheres (-150,000 total number) was injected into the left ventricle in a 0.5 ml volume over a 15 sec period. The microsphere injection was followed by a 0.5 ml of saline flush over another 15 sec period. The radioactivity levels in the organs removed after the final maximal exercise bout were determined on a twochannel gamma scintillation counter (Packard Auto-Gamma Spectrometer model 5230) set to record the peak energy activity of each isotope for 5 min. The radioactivity of the tissues were analyzed by a computer (Digital Equipment Corp. PDP 11/40), taking into account the cross-talk fraction between the different isotopes. Absolute blood flow to each tissue was calculated by the reference sample method22 and was expressed on the basis of the measured flow per 100 g of tissue.
Determination of hemodynamic parameters, arterial blood gases, lactate, and acid-base status. Cardiac output was determined by the radioactive microsphere technique described by Ishise et al. 25 The difference in oxygen content of arterial and mixed venous blood (a-v02) was calculated from the Fick equation with use of the measured t2 and the simultaneously measured cardiac output under each exercise condition. Mean arterial pressure and left ventricular end-diastolic pressure were measured via the tail artery catheter and the indwelling left ventricular catheter, respectively. Heart rate was determined from the phasic tracing of the left ventricular catheter. The Po2, Pco2, and pH in arterial blood samples were measured with conventional electrodes in a Coming blood gas analyzer (model 168) calibrated with known gases. Blood samples were analyzed at 370 C and the results were corrected to the measured rectal temperature of each animal. Arterial bicarbonate concentrations were calculated with the Henderson-Hasselbalch equation, which is built into the Coming blood gas analyzer microprocessor. Arterial lactate concentrations were measured on a Yellow Springs lactate analyzer (model 23L).
Determination of left ventricular infarct size and skeletal muscle enzyme activities. After fixation in formalin for a minimum of 24 hr, the left ventricle of each rat was cut into four transverse sections from base to apex in parallel with the atrioventricular groove. The four sections of left ventricle were then dehydrated in alcohol, cleaned in xylene, and embedded in paraffin. Transverse sections (10 .um thick) were cut, mounted, and stained with Masson' s trichrome stain from which hematoxylin was omitted to provide maximum discrimination between fibrous areas of infarct and muscle. These sections were then magnified and projected and the size of the infarcted areas were measured with a planimeter Digital Image Analyzer (Carl Zeiss MOP 3) according to the technique described by Fletcher et al. 18 The activity of SDH was determined at 25°C in the left soleus and plantaris muscles from each rat according to the method of Sembrowich et al. 26 Each tissue sample was analyzed in triplicate and in a single-blind fashion.
Statistical analysis. Results were analyzed by a one-way analysis of variance (ANOVA) across the different experimental conditions of rest and submaximal and maximal exercise. 27 When a significant F value was found by ANOVA, a Student-Newman-Keuls test was performed to demonstrate differences between the means. The .05 probability level was considered to indicate statistical significance and all values are expressed as the mean + SE.
Results
XO2max, body weight, left ventricular weight, infarct size, and SDH activity in sedentary and trained rats. Determinations of left ventricular infarct size indicated that the sizes of infarcts in the sedentary and trained rats with myocardial infarction were similar (table 1). No detectable infarcts were found in the, sham-operated rats. Left ventricular weights and left ventricular/body weight ratios were also similar among the different groups of rats.
V02max was similar in noninstrumented sedentary and noninstrumented trained rats when expressed in absolute terms (ml min-1), but V02max in rats with infarction was less than that in sham-operated rats (table 1). When the V02max was normalized for body weight (ml kg-' min-1), differences between sedentary and trained rats became evident. These differences can be accounted for by the fact that the trained rats weighed less than their sedentary counterparts. SDH activity measured in the plantaris and soleus muscles was similar in all sedentary rats ( figure 1 ). Furthermore, SDH activity was also similar in all trained rats. When compared with that in sedentary rats, SDH activity was 33% to 51% greater in trained rats.
X02 and hemodynamics measured at rest and during exercise. 't02 and hemodynamic data were obtained in instrumented rats at rest and during submaximal and maximal exercise (table 2). V02, heart rate, cardiac output, and a-v02 measured at rest were similar in all rats. Left ventricular enddiastolic pressure measured at rest was greater in rats with infarction than in their sham-operated counterparts; however, no differences in left ventricular enddiastolic pressure were found between sedentary and Vol. 74 trained sham-operated rats or sedentary and trained rats with myocardial infarction. Mean arterial pressure measured at rest was lower in rats with infarction than in their sham-operated counterparts, but again, no differences between sedentary and trained rats were found. V02, heart rate, cardiac output, and a-v02 increased from resting levels during submaximal exercise and were similar in all groups of rats. Left ventricular enddiastolic pressure was again greater in rats with infarction than in their sham-operated counterparts and mean arterial pressure was lower in the sedentary rats with infarction than in their sedentary sham-operated counterparts.
Instrumentation decreased V02max 15% to 25% in all rats (see values for noninstrumented rats in table 1 and those for instrumented rats in table 2); however, the relationships that were found before instrumenta- 434 tion remained. Thus, V02max (when normalized for body weight) in instrumented rats was greater in trained animals than in their sedentary counterparts and greater in sham-operated rats than in rats with infarction. Maximal cardiac output and the a-v02 were similar in all groups of rats; however, the trained rats that underwent sham operations and that had infarctions did show a tendency toward slightly greater maximal a-v02 than their sedentary counterparts. Maximal heart rate was similar in the sedentary and trained sham-operated rats, but maximal heart rate in both the sedentary and trained rats with infarction was lower than in their sham-operated counterparts. Left ventricular end-diastolic pressure during maximal exercise in rats with infarction was again elevated when compared with that in sham-operated rats. On the other hand, mean arterial pressure was lower than in sedentary sham-operated rats only in the sedentary rats with myocardial infarction during maximal exercise. Arterial blood gases, lactate, and acid-base status measured at rest and during exercise. Blood gases, acid-base status, and lactate concentrations were measured in arterial blood sampled from instrumented rats at rest and during submaximal and maximal exercise (table 3 and figure 2). Arterial hematocrits did not change across the experimental conditions for each group of rats and ranged between 40 ± 1% and 42 + 1%.
Arterial blood gases, acid-base status, and lactate concentrations measured at rest were similar for all groups. During submaximal exercise Paco2 decreased and Pao2 tended to increase. In addition, arterial bicarbonate concentrations ([HCO3-]a) decreased and arterial lactate concentrations increased for all groups. However, the increases in lactate concentrations in sedentary rats were substantially greater than the in- creases found in trained rats and resulted in significant metabolic acidosis during submaximal exercise. Arterial blood gases, acid-base status, and lactate concentrations measured during maximal exercise were again similar in all groups of rats, except that the magnitude of hypocapnia found in sedentary rats with infarction was not as great as that found in their shamoperated counterparts. Pao2 continued to increase from submaximal exercise levels and [HCO3-]a continued to decrease. Arterial lactate concentrations increased 10fold during maximal exercise and resulted in a profound metabolic acidosis in all groups of rats.
Blood flows measured at rest and during exercise.
Blood flows to the skeletal muscles of the forelimb, hindlimb, kidneys, and gut were determined in the instrumented rats at rest and during submaximal Vol. 74, No. 2, August 1986 and maximal exercise (table 4 and figures 3 
and 4).
Blood flows to the different skeletal muscles of the forelimb and hindlimb were similar at rest in all groups of rats with one exception: blood flows to the soleus muscles were greater than flows to other muscles. Moreover, the blood flow to the soleus muscle of the trained sham-operated rat was significantly greater than the flow in the sedentary sham-operated rat (table  4) . Furthermore, blood flows to the kidneys and gut measured at rest were similar in all groups of rats (figures 3 and 4) .
Blood flows to the working skeletal muscles increased substantially during submaximal exercise.
These increases in flow were similar between the different groups of rats; however, blood flows to the soleus muscles were again substantially greater than TABLE 3 Arterial blood gases and acid-base status measured at rest and during submaximal (5% grade, 16 m min') and maximal exercise in instrumented sedentary and trained rats with myocardial infarction produced by coronary artery ligation and in rats that had sham operations ing maximal exercise and again the increases in flow were similar among the different groups of rats. Blood flow to the working skeletal muscles of the forelimb during maximal exercise demonstrated a tendency to be slightly greater than the flow measured during submaximal exercise, whereas the blood flow to the muscles of the hindlimb was similar during submaximal and maximal exercise. Blood flows to the kidneys and gut during maximal exercise decreased below resting values and were again similar in all groups of rats. Additionally, the decrease in blood flow to the kidneys and gut during maximal exercise was slightly greater than the decrease in flow to these organs during submaximal exercise.
Discussion
The purpose of the present study was to determine whether or not a program of exercise training would produce beneficial effects in rats with chronic heart failure induced by myocardial infarction. A training protocol of moderate intensity was preferentially cho- but the current results are unique in that training-induced changes occurred in the absence of (1) a training-induced bradycardia, (2) any increases in absolute V02max (ml min-'), or (3) an attenuated heart rate response to submaximal exercise.'2213, 29, 31 Coupled with the finding that the hemodynamic and regional blood flow responses to exercise in sedentary and trained rats were also similar, these data suggest that the major training effect that was produced in the present study was predominantly metabolic and less likely cardiodynamic in nature. Because we did not wish to control for body weight in the present study, we found that the sedentary rat was substantially heavier than the trained rat. If it is assumed that this difference in body weight was primarily due to an excess of body fat in the sedentary rat,32 it appears that one of the beneficial effects of exercise training in the present study was related more to weight control than to absolute increases in V02max. However, the importance of V02max when REST SUBMAXIMAL MAXIMAL FIGURE 4. Total blood flow to the gut (stomach, small and large intestines, liver, and pancreas) measured at rest and during submaximal (5% grade, 16 m min-1) and maximal exercise in instrumented sedentary and trained rats with myocardial infarction produced by coronary artery ligation and in rats in which sham operations were performed. normalized for body weight should not be underestimated. In this respect, a greater V02max (expressed in ml kg-'min-1) was consistently observed in the trained rat with infarction compared with that in the sedentary rat with infarction. From a clinical point of view, this training-induced increase in VO2max may be important. Measurements of X02. The V02 values obtained at rest and during submaximal and maximal exercise in the present study are similar to those obtained in previous studies.'0 l 13. 31, 33 VO2max for the sedentary male Sprague-Dawley rat has been reported previously to be 59 ml kg-lmin-m.°In comparison, V02max for the sedentary sham-operated rats in the present study was 57 ml kg-'min-1. Because the results reported in the present study are similar to those reported previously, we believe that the VO2values measured in the present study are accurate and credible.
Quantification of chronic heart failure. The rat can compensate for much of the tissue loss caused by a large myocardial infarction through cellular hypertrophy of the remaining viable tissue, as demonstrated in the present study and by others. 168, 19. 34 However, when the size of the myocardial infarction exceeds 30% of the myocardium, the amount of compensatory hypertrophy that can occur in the rat is not always enough to return the myocardial volume or the indexes of systolic function to normal. '6' 18, 19, 34 The sizes of the myocardial infarctions determined for both the sedentary and trained rats with infarction in the present study were 36% and 34%, respectively. The amount of heart failure that was induced by infarction is not quantitatively known since the classification of chronic heart failure for the rat preparation of myocardial infarction is not defined as well as that for humans. 18 19 However, many aspects of our data suggest that the rats with infarction in the present study had moderate compensated heart failure. Data supporting this conclusion include the findings that, when compared to their sham-operated counterparts, rats with myocardial infarction had (1) lower mean arterial pressures at rest, (2) elevated left ventricular end-diastolic pressures at rest and during exercise, (3) lower maximal heart rates, and (4) lower V02max values. These data are in agreement with previous studies that have demonstrated that rats with infarctions ranging from 31% to 45% of the ventricle had normal baseline hemodynamics, but had reduced peak flow indexes and reduced developed pressures with either volume loading or exercise. 16 18 19 In addition, these same studies also demonstrated that rats with infarctions greater than 45% had decompensated congestive heart failure.
The hemodynamic and ventilatory response of instrumented rats to exercise. The interpretations of the cardiovascular responses to exercise in the present study are limited by the fact that a cannula was placed into the left ventricle for the determination of left ventricular end-diastolic pressure, cardiac output, and regional blood flows with radioactive microspheres and that this short-term instrumentation of the rats decreased their VO2max by 15% to 25%. Since the cannula was relatively large and placed into the left ventricle through the aortic valve in a retrograde fashion, it is safe to assume that maximal cardiac output may have been reduced during exercise and that this reduction contributed substantially to the 15% to 25% decrement in V02max. What effect instrumentation had on the cardiovascular response to submaximal exercise or the different cardiovascular parameters measured at rest remains ambiguous. However, since VO2 values measured at rest and during submaximal exercise were similar for all groups of rats before and after instrumentation, it appears that the effects of instrumentation were at least consistent for the different groups, thereby making comparisons between them reasonable.
The hemodynamic responses to exercise in the sedentary and trained sham-operated rats were nearly identical. In addition, these responses were qualitatively (and to a lesser extent, quantitatively) in close agreement with results reported previously for the exercising rat. '3' 16, 20, 35 In general, the hemodynamic response to exercise for the sedentary and trained rats with infarction were also similar to one another and in agreement with those reported previously'6; however, differences in certain hemodynamic parameters suggest that training produced a few beneficial effects on the cardiovascular system. Results that support this contention are (1) the tendency for maximal heart rate to normalize and (2) the normalization of mean arterial pressure during both submaximal and maximal exercise when trained rats with infarction were compared with both their sedentary and sham-operated counterparts.
All of the rats in the present study responded to exercise with marked hyperventilation, which resulted in decreases in Paco2 and increases in Pao,. These changes in arterial blood gases are in agreement with previous results in both magnitude and direction, 33' 3 and are in agreement with the postulate that the hyperventilatory response of the rat to exercise is important in the maintainence of arterial 02 homeostasis during exercise. 33 For example, the increases in both rectal temperature and arterial hydrogen ion concentrations that occurred during exercise in the rat would shift the hemoglobin-oxygen (HbO2) dissociation curve to the right. This rightward shift in the HbO2 curve would tend to reduce the percent of hemoglobin saturated for any given level of Pao2. The increases in Pao2 that were observed during exercise in the current study would help maintain the saturation of hemoglobin and therefore arterial 02 content. In this manner, the hyperventilatory response of the rat to exercise may be important in the maintainence of both arterial 02 homeostasis and the delivery of oxygen to the working muscles. 33 In regard to arterial acid-base status, the increases in arterial lactate concentration observed during submaximal exercise in both sedentary sham-operated rats and sedentary rats with infarction were substantially greater than the increases observed in their trained counterparts. Subsequently, these larger increases in lactate concentrations exceeded the buffering capacity of the blood and caused a metabolic acidosis in both the sedentary sham-operated rats and sedentary rats with infarction during submaximal exercise, whereas the increases observed in their trained counterparts did not. Because the lactate response to submaximal exercise was significantly attenuated in both the trained shamoperated rats and trained rats with infarction, and because a metabolic acidosis did not occur, it appears that this adaptation played an important role in the maintainence of arterial hydrogen ion homeostasis during submaximal exercise. During maximal exercise, the increases in arterial lactate concentrations were similar in all rats and resulted in a significant metabolic acidosis. These responses are comparable to what has been reported previously for rats exercising at VO2max and again strongly support the conclusion that the rats were truly working at V02max during maximal exercise.33
The regional blood flow response of instrumented rats to exercise. Resting blood flows to the various organs in the rat have been shown previously to be unaffected by dynamic exercise training.30 On the other hand, myocardial infarctions of a moderate size (-33%) will cause a decrease in blood flow to the kidneys at rest, whereas larger infarctions will cause additional reductions in blood flow to the gut, liver, skin, and skeletal muscles. 16 17 Resting blood flows to the various organs in the present study were unaffected by training or myocardial infarction. Thus, the present results are only in partial agreement with those of the aforementioned studies. The reason that renal blood flow was unaffected in the rat with infarction remains unclear, especially since the sizes of the myocardial infarctions in the sedentary and trained rats were 36% and 34%, respectively. However, it should be noted that blood flow measurements in the present study were made 112 to 126 days after myocardial infarction, whereas the blood flow measurements that were made in the aforementioned studies were made 42 days after myocardial infarction. The possibility therefore exists that the additional recovery time in the present study may have allowed for a greater degree of compensation in the rat with infarction. In this regard, the detrimental effects of myocardial infarction on renal blood flow may have been reduced.
Neither training nor myocardial infarction appeared to have any effect on the regional blood flow response of the rat to submaximal exercise in the present study. Supporting this conclusion are (1) the increases in blood flow to the skeletal muscles, and (2) the similar decreases in blood flow to the kidneys and gut in all the different groups of rats. These results agree with the previous report that increases in blood flow to the hindlimb muscles during submaximal exercise are similar in sendentary and trained rats; however, these results do not agree with the finding that the decreases in blood flow to the kidneys and gut during submaximal exercise are attenuated after training.30 This discrepancy may be related to the differences in training protocols used in the two studies. In the study by Armstrong and Laughlin,30 the training protocol used was stressful enough to produce changes in skeletal muscle oxidative enzyme capacity, hemodynamics, and regional blood flows. On the other hand, the training protocol used in the present study was only stressful enough to produce changes in skeletal muscle oxidative enzyme capacity. Since the training protocol used in the present study did not produce any appreciable changes in hemodynamics, the possibility exists that it may not have been stressful enough to produce any changes in regional blood flow either.
Again, neither training nor myocardial infarction appeared to have any effect on the regional blood flow response of the rat to maximal exercise. However, the interpretations of the regional blood flow responses to maximal exercise in the present study are again complicated by the fact that short-term instrumentation of the rats decreased their V02max by 15% to 25%. Any conclusions drawn from these data with respect to the effects of training or myocardial infarction are therefore difficult. In spite of these limitations, certain patterns of blood flow response to maximal exercise were observed and warrant further consideration. One pattern of blood flow observed in the present study was that maximal exercise produced further de-creases in blood flow to the kidneys and the gut when compared with submaximal exercise. These decreases in blood flow were similar in magnitude among the different groups of rats and are in agreement with what has been reported previously. 36 Another pattern noted was that blood flow to the working skeletal muscle was only slightly greater during maximal exercise than during submaximal exercise. Taking into consideration that rats were performing at greater work rates during maximal exercise, these slight increases in blood flow were less than expected. The reason that greater increases in skeletal muscle blood flow did not occur may be related to the fact that blood flow to the working skeletal muscle plateaus at 70% of V02max.37 If the submaximal V02 is expressed as a percentage of the instrumented V02max, then all of the rats in the present study were working at 74% of their V02max or greater. The possibility therefore exists that blood flows to the working skeletal muscles were already very close to their maximum during these submaximal exercise workloads and that any further increases in work rate would have resulted in only minor increases in flow.
Clinical implications of exercise training with regard to chronic heart failure. The beneficial effects of exercise training in the present study included (1) increases in V02max when normalized for body weight (ml min-1), (2) increases in skeletal muscle SDH activities, (3) an attenuated lactic acid response to submaximal exercise, (4) normalization of mean arterial pressure during submaximal and maximal exercise, and (5) the trend toward normalization of maximal heart rate during maximal exercise. On the other hand, V02max in absolute terms (ml min-1) did not increase and the hemodynamic response to exercise appeared relatively unaffected by the training regimen imposed. These data suggest that the effects of training in the present study were predominately peripheral and metabolic in nature and less likely cardiodynamic in origin. In addition, these data support the conclusion that patients with moderate compensated heart failure can benefit from a program of moderate exercise training when appropriately applied. Whether or not other beneficial effects can be induced with more strenuous training protocols in patients with moderate compensated heart failure has yet to be determined.
